Laser cutting of medium density fibreboard (MDF) is a complicated process and the selection of the process parameters combinations is essential to get the highest quality of the cut section. This paper presents laser cutting of MDF based on design of experiments (DOE). CO 2 laser was used to cut three thicknesses 4, 6 and 9 mm of MDF panels. The process factors investigated are: laser power, cutting speed, air pressure and focal point position. In this work, cutting quality was evaluated by measuring, upper kerf width, lower kerf width, ratio between the upper kerf width to the lower kerf width, cut section roughness and the operating cost. The effect of each factor on the quality measures was determined and special graphs were drawn for this purpose. The optimal cutting combinations were presented in favours of high quality process output and in favours of low cutting cost.
Introduction
MDF is an engineered product characterized with great structural integrity, higher dimensional stability and greater flexibility in terms of shaping. Mass-production of this wood composite product commenced in the 1980s. MDF panels are suitable for many interior construction and industrial applications. The degree of surface roughness of the MDF panel plays an important role since any surface irregularities may show through thin overlays would reduce the final quality of the panel.
The surface roughness depends on both raw characteristics and the fabricating processes procedures [1] .
Currently, laser beam cutting is a fabrication process frequently used to cut parts of different materials such as MDF. In fact, cutting MDF boards by means of laser beam is a complicated process, as it involves an exothermic chemical reaction and it is influenced by several uncontrollable 2 factors such as: composition, density, moisture, thermal conductivity and internal bond strength.
Laser cutting of different materials has received more attention in the literatures, yet, few articles were published on the laser cutting of this wood composite product. Lum et al. [2] have reported the optimal cutting conditions for CO 2 laser cutting of MDF using full factorial technique. They found that, the average kerf width reduces with increasing the cutting speed. Also, they reported that no significant reduction in the kerf width has been found when varying the shielding gas pressure.
Furthermore, they mentioned that increasing the gas pressure did not improve Ra values, however, the Ra values increases as the cutting speed increases. Finally, they pointed out that the maximum cutting speed for each thickness is independent to any increase in the gas pressure or type therefore it would be more economical to use compressed air than nitrogen to laser cut MDF. Lum et al. [3] have continued their investigation to estimate the variation in the power distribution with different cutting speed, material thickness and pulse ratios. Letellier and Ramos [4] have reported that when cutting MDF boards with thickness greater than 8 mm and keeping the focal position fixed at the surface this would result in curved side kerfs. This side curvature is more notorious as the MDF board thickness increases. Accordingly, they varied the focal position and beam velocity in order to investigate their effect on the shape of side kerfs. They suggested a focal position for each board thickness and process parameters. Also, they managed to determine the optimal cutting conditions by combining the plot of the focal position against board thickness for minimum side kerf with the plot of cutting velocity against board thickness at certain laser power. Barnekov et al. [5] have concluded that the factors affecting the ability of lasers to cut wood may be generally classified into three areas: characteristics of the laser beam, equipment and process variables and properties of the workpiece. They have reported that most lasers for cutting wood have powers ranged from 200 to 800 W. They have stated that, for a maximum efficiency, the proper combination of cutting speed and laser power will depend on workpiece thickness, density and the desired kerf width. Also, they have found that more power is required to cut wet wood than is required for dry wood if cutting speed is held constant. Barnekov et al. [6] have investigated laser cutting of wood composites, they have found that the optimal focus position is on the surface, using 400 to 500 W of laser power and cutting speed of 20 in/min. Moreover, they used compressed air with a nozzle diameter of 0.05 in.
Finally, they reported that these preliminary results suggest that further research on laser cutting of wood to be done. N. Yusoff et al. [7] have studied CO 2 laser cutting of Malaysian light hardwood.
They managed to outline the relationship between processing parameters and types of wood with different properties in terms of optimum cutting conditions. Also, they have presented guidelines for 3 cutting a wide rage of Malaysian wood. The orientation of a linearly polarized beam has an effect on the kerf shape produced. When the beam is polarized in the cutting direction, the resulting cut may have a narrow kerf with sharp straight edges. On the other hand, if the beam is polarized at an angle to the cut direction, more absorption of the laser power takes place at the sides of the cut, producing a wider kerf with a taper that depends on the angle between the cutting direction and the plane of polarization [8 and 9] . Conducting an experiment using a systematic technique like DOE and artificial neural network (ANN) to investigate the behaviours of a certain manufacturing process with the aim of optimizing this process, such as optimizing laser welding or laser cutting processes, has been carried out by many researchers [10] [11] .
Hence, this work aims to investigate the effect of CO 2 laser cutting process parameters on the cut edge quality features (responses), and then to find out the optimal cutting conditions, which would lead to the desired quality features at a reasonable operating cost. Response surface methodology (RSM) technique has been implemented in order to find out the relationship between the process parameters and the responses.
2-Experimental Work

Design of experiment
Previously, the experiments used to be carried out by changing one-factor-at-a-time, this type of experimental approach required enormous number of runs to find out the effect of one factor, which is no longer followed as it is expensive and takes longer time. Another disadvantage is that the factors interaction can not be detected when using this approach. Therefore, other techniques, which overcome these obstacles, have to replace it, such as DOE, ANN etc [12] [13] . A good literature review on the techniques used in optimizing certain manufacturing process and the selection of the appropriate technique has been outlined by Benyounis and Olabi [14] . For these reasons, a DOE approach has been selected to be implemented herein. In fact, there are many designs among DOE as mentioned in [14] . Two level factorial design and Taguchi method are the common designs, which have the less number of runs to study a process with multifactor and multi-responses such as laser cutting. However, the quadratic effect of each factor can not be determined using 2-level FD due to the limitation of this design as a screen design and some of the interactions between the factors affecting the process can not be determined using Taguchi method due to the aliased structures, which means not all the interaction effects can be estimated [15] . On the other hand, RSM is able to find out all the factor's effects and their interactions. Eq1 below consists of three capital-sigma notations. The first summation term is representing the main factor effects, the second term is standing for the quadratic effects and the third term is representing the two factor interaction effects. Therefore, RSM was chosen by implementing Box-Behnken design, which is a three level design and it is able to investigate the process with a relatively small number of runs as compared with the central composite design [15, 16] . This design characterizes with its operative region and study region are the same, which would lead to investigate each factor over its whole range. In fact, this is a competitive advantage for this design over the central composite design [17] .
RSM is a set of mathematical and statistical techniques that are useful for modelling and predicting the response of interest affected by several input variables with the aim of optimizing this response [15] . RSM also specifies the relationships among one or more measured responses and the essential controllable input factors [16] . If all independent variables are measurable and can be repeated with negligible error, the response surface can be expressed by:
Where: k is the number of independent variables
To optimise the response "y", it is necessary to find an appropriate approximation for the true functional relationship between the independent variables and the response surface. Usually a second order polynomial Eq.1 is used in RSM. In this study four process parameters are considered namely: laser power, cutting speed, air pressure and focal point position Table 1 shows process input parameters and experimental design levels used for the three thicknesses (4, 6 and 9 mm). The experimental data was analysed by statistical software, Design-Expert V7. Second order polynomials were fitted to the experimental data to obtain the regression equations. The sequential F-test, lack-of-fit test and other adequacy measures were carried out to select the best fit. A step-wise regression method was used to fit the second order polynomial Eq. 1 to the experimental data and to find the significant model terms [15, 16] . The same statistical software was used to generate the statistical and response plots as well as the optimization. 
Laser cutting
Dry panels of MDF wood composite in a sheet form was used as workpiece material. The sheet dimensions were 500 x 500 mm with thicknesses of 4, 6 and 9 mm. Trial laser cut runs were carried out by varying one of the process factors at-a-time to find out the range of each factor. Full cut, with an acceptable kerf width, cutting edge striations and dross were the criteria of selecting the working ranges for all factors. The main experiment was performed as per the design matrix in a random order to avoid any systematic error. A CW 1.5 kW CO 2 Rofin laser with a linear polarized beam angled at 45 provided by Mechtronic Industries Ltd. A focusing lens with a focal length of 127 mm was used to perform the cut. Fig. 1 shows the location of the focal plane relative to the upper surface for 6 mm MDF board. Among the trial laser cut runs, no significant difference has been 6 noticed in terms of kerf width, roughness values and edge burn between the specimens processed using nitrogen and the ones processed using compressed air. As reported in [2] there is no significant reduction in the kerf width when using either the compressed air or nitrogen. In addition, the compressed air is cheaper than nitrogen. Therefore compressed air was supplied coaxially as an assist gas with different pressures. The nozzle used has a conical shape with nozzle diameter of 1. 
S 0.051
Where P: used out put power in kW. F: flow rate in l/hr. S: cutting speed in mm/min.
At pressure above 0.89 bar the compressed air will flow in a supersonic manner. Note that this pressure value (0.89 bar) is independent of nozzle diameter. At pressure above this threshold the flow rate in [l/hr] of the compressed air through a nozzle can be easily calculated from Eq. 4 [18] . 
Results and Discussion
Analysis of Variance
In this research, fifteen ANOVA tables for the reduced quadratics models have been obtained, but to avoid any confusion for the reader these tables were abstracted to present only the most important information as shown in Table 6 . This [11 and 12] . There is one case were the lack-of-fit is significant at both level of significant 1% and 5%. This case is for the ratio model for 9 mm thick MDF, which has a significant lack-of-fit, this may result in inapplicability for this model in some point in the design space. The developed mathematical models are listed below in terms of coded factors. Eqs 5-9 are mathematical models for 4 mm thick MDF, Eqs 10-14 are mathematical models for 6 mm thick MDF and Eqs. 15- 19 are mathematical models for 9 mm thick MDF. From these mathematical models one can notice the significant factors that would principally affect each response as they appear in the model. Therefore, the models are valid. It is apparent from Table 7 that the ratio model for thickness 9 mm has the highest percentage of error of -17.397% in the second validation experiment, this is due to the fact that this model has a significant lack-of-fit, which may lead to the model would not fit and as a result of this the model might not perform adequately in some region in the design space.
However, if we calculate the predicted ratio for this case by dividing the predicted upper kerf of 0.299 by the predicted lower kerf of 0.207 the percentage of error would equal to 5.125 %, which is in excellent agreement. In balance, the ratio model for 9 mm MDF may not be used in predicting, but still can be used to investigate the general influence of the process parameters on the ratio and in the optimization. 
Discussion
Upper kerf
The perturbation plots for the upper kerfs for all thicknesses are shown in Fig. 2 . In this graph it is clear that the focal point position is the major factor affecting the upper kerf. The results show that the upper kerf decreases as the focal point position increases and this is in agreement with the logic as the smallest spot size of the laser beam occurs at the surface when the focal point is exactly on the surface and consequently the laser power will localize in narrow area. On the other hand, defocusing the beam below the surface would result in spreading the laser power onto wider area on the surface, which at the end leads to a wider upper kerf. The upper kerf is on average of 2.5 times wider when using defocused beam. From the same figure, it is notable that the laser power is also affecting the upper kerf. The upper kerf would increase as the laser power increases. Finally, it is clear that the upper kerf reduces slightly as the cutting speed and gas pressure increase these observations are in agreement with Lum et al. [3] . However, the effect of the gas pressure on the average upper kerf trims down as the thickness increases until it disappears for 9 mm thick MDF. Fig. 3 is interaction graph showing the interaction effect between the cutting speed and the air pressure on the average upper kerf for 6 mm MDF. It is demonstrated from Fig. 3 that at slower cutting speed less than 3337.58 mm/min a narrower upper kerf would be achieved by using higher air pressure of 7 bars.
Alternatively, a narrower average upper kerf could be obtained by using faster cutting speed above 3337.58 mm/min and an air pressure of 4 bars. 
Lower kerf
The perturbation plots for the average lower kerf widths for all thicknesses are exhibited in Fig. 4 . In this plot it is obvious that the laser power and the cutting speed are the major factors, which have an effect on the lower kerf. The results confirmed that the lower kerf decreases as the cutting speed increases and this is in agreement with Lum et al [3] . Also, it was found that the lower kerf increases as the laser power increases and it is in good agreement with results found in the literatures. When using the highest laser power, the lower kerf is on average of 2.21 times wider than the one obtained when using the lowest laser power. By using the slowest cutting speed, the lower kerf is on average of 1.37 times wider than the one obtained when using the fastest cutting speed. It is evident that the lower kerf changes slightly as the focal point position increases. However, the air pressure has a very minor effect on the average lower kerf for 9 mm thick MDF only. 
Ratio between upper kerf to lower kerf
The perturbation plots for the ratio between the upper kerf to the lower kerf for all thicknesses are presented in Fig. 6(a-c) . In this plot it is obvious that the focal position has the main role on the ratio between the upper kerf to the lower kerf. The results show that the ratio decreases as the focal position increases. It can be seen from Fig. 6(a-c) that the laser power has the second main effect on the ratio. However, this effect reduces as the thickness increases. In general, the ratio decreases as the laser power increases. Also, it was found that the ratio increases as the cutting speed increases up to around 3875 mm/min, and then it starts to decrease as the cutting speed increases However, the air pressure has no effect on the ratio for all thicknesses. Fig. 7(a-c) is contours graph showing the effect of the focal point position and the laser power on the ratio for the three thicknesses. It is 19 apparent from Fig. 7(a-b) the area where the ratio between the upper kerf to the lower kerf is around 1, which is the desirable ratio in order to obtain square cut edge. 
Roughness
The perturbation graphs for the roughness for all thicknesses are shown in Fig. 8(a-c) . In this graph it is clear that all the factors are affecting the roughness significantly. The results show that the roughness decreases as the focal point position and laser power increase and this is in agreement with the results reported by Barnekov et al. [6] . However, the effect of laser power on the roughness of the cut surface reduces as a thicker MDF sheet is considered to be cut. The results demonstrated that the roughness value increases as the cutting speed and gas pressure increase.
Perturbation, MDF 4 mm 
Optimization
Laser cutting is a multi-input and multi-output process that needs to be judged carefully in order to get the most desirable yield of it. Based on the above results and discussion it is clear that there are many factors and their interactions affecting the process, which required an in-depth optimization.
To run any optimization it is important to consider the following: the effect of each factor and its interaction with the other factors on the responses, the output of the process (i.e. responses) and finally the quality or the cost of cut section. In the current research, two optimization criteria, in which each factor and response have been given a specific goal, were presented in Table 8 . In the first criterion, the quality of the cut section is considered to be an issue, therefore, no restriction were made on the factors. On the second criterion, the cost of the cut section is considered to be more important (i.e. Minimize the cost), therefore, no restrictions were made on the other responses.
Solving such multiple response optimization problems using the desirability approach consist of on each factor and responses [15] [16] [17] . The numerical optimization feature in the design expert software package finds a point or more in the factors domain that would maximize the objective function. Table 9 -11 list the optimal combinations of process factors for both criteria, which satisfy the desirable goals for each factor and response and look for either, maximize the cut quality (i.e. by improving the output features) or minimize the cutting cost (i.e. by minimizing both the laser power and air pressure as well as maximizing the cutting speed) in an attempt to optimize the laser cutting process of MDF. [6] . On the other hand, if the cost is the main issue, it is demonstrated that, the minimum laser power has to be applied with maximum cutting speed, air pressure of 3 bar and focal point position ranged from -3.98 to -1.82 mm have to be used. In comparison between the two criteria and with regard to the quality of the cut section, the predicted ratio is on average 67.13 % less than the one of the second criterion and theoretically equals to 1, which means the cut edge is square. Also, the cut section roughness for the first criterion is on average 41.38 % smoother than the one of the second criterion. However, the cutting operating cost in the first criterion is 131.72 % higher than the operating cost of the second criterion. are in fair agreement with the results obtained by Barnekov et al. [6] , as the focal position is nearly on the surface. Alternatively, if the cost is more important, the optimization results show that, the minimum laser power with maximum cutting speed, air pressure of 4 bar and focal point position ranged from -4.38 to -2.83 mm should to be used. In contrast between the two criteria and concerning the quality of the cut section, the predicted ratio is on average 71.29% less than the ratio obtained in second criterion and in theory equals to 1, which means the cut edge is square. Also, the cut section roughness for the first criterion is on average 41.57 % smoother than the roughness achieved in the second criterion. However, the cutting operating cost in the first criterion is 155.77 % higher than the operating cost of the second criterion. [6] as the focal position is nearly on the surface. On the other hand, if the cost is more essential, the optimization results show that, the minimum laser power with maximum cutting speed, air pressure of 4 bar and focal point position ranged from -5.43 to -1.08 mm have to be used. In contrast between the two criteria, the predicted ratio obtained in the first criterion is on average 65.39 % less than the ratio obtained in second criterion. Also, the cut section roughness for the first criterion is on average 32.25%
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smoother than the roughness achieved in the second criterion and in theory equals to 1, which means the cut edge is square. However, the cutting operating cost in the first criterion is 158.14 % higher than the operating cost of the second criterion.
Conclusion
The following points can be concluded from this work within the factors limits:
1-The effects of all factors have been established at their different levels. 6-High quality or economical cut sections could be processed using the tabulated optimal setting.
7-Smother cut sections could be processed, but with increase in the processing operating cost of 131.72 %, 155.77 % and 158.14 % for 4 , 6 and 9 mm MDF respectively.
